Rationale: The relationship between longitudinal lung function trajectories, chest computed tomography (CT) imaging, and genetic predisposition to chronic obstructive pulmonary disease (COPD) has not been explored.
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death worldwide, and its prevalence continues to increase (1, 2) . Clinically, the diagnosis and staging of COPD are based in large part on spirometric measures of lung function. An FEV 1 /FVC ratio less than 0.7 is a threshold commonly used to detect the presence of expiratory airflow limitation. Decrements in the FEV 1 expressed as a percentage of predicted values are then used to grade disease severity. Although it was generally believed that smokers develop COPD primarily through an excessively rapid decline in lung function (3, 4) , investigation has demonstrated that peak lung function attained in youth is a major determinant of disease susceptibility (5, 6) , comorbidities, and mortality (7) .
A challenge faced by many ongoing clinical, epidemiologic, and genetic investigations focused on smoking-related lung disease is that they lack historical data describing the trajectory of lung function decline from peak lung health to study inclusion. The lack of longitudinal perspective has also limited studies of COPD heterogeneity, which have primarily been performed using cross-sectional data (8) . Two spirometrically indistinguishable smokers with moderate COPD may represent the extremes of low peak lung health and accelerated decline in lung function, yet they are used interchangeably in attempts to understand the biologic basis of disease.
Although this may appear to be an insurmountable challenge for existing studies, we hypothesized that longitudinal data from unrelated but demographically similar cohorts could be used to define and model trajectories of FEV 1 decline. Those models could then be applied to cross-sectional studies or studies with limited observation time periods to assign participants to trajectories for further characterization of COPD heterogeneity.
To test these hypotheses, we used a data-driven approach called Bayesian nonparametric mixture modeling (9) to identify and characterize prototypical lung function trajectories, using longitudinal spirometry and smoking data from the NAS (Normative Aging Study). Using models of these trajectories, we then probabilistically assigned members of the more extensively phenotyped COPDGene (Genetic Epidemiology of COPD) Study cohort to each trajectory. We then assessed genetic and clinical differences between these trajectory subpopulations, using heritability analysis, comparisons of parental characteristics, and a comparative analysis of COPD-related measures including the BODE (body mass index, degree of airflow obstruction and dyspnea, and exercise capacity) index, MMRC (Modified Medical Research Council) dyspnea score, exercise capacity (6-minwalk distance), the number of COPD exacerbations over the previous year, and computed tomography (CT)-based measures of emphysema and airway disease.
Methods
The NAS is a longitudinal Veterans Administration study of healthy men established in 1963 (10) . Men aged 21-80 years from the greater Boston area, free of known chronic medical conditions, were enrolled and underwent comprehensive clinical examinations at 5-year intervals for those less than 52 years old and at 3-year intervals for those more than 52 years old. Study data include spirometry performed in accordance with American Thoracic Society guidelines (11) , completion of the American Thoracic Society Division of Lung Diseases 1978 questionnaire, and a separate questionnaire related to smoking habits. Participants provided written informed consent at each visit, and the VA Boston Healthcare System Institutional Review Board approved the study.
The COPDGene Study is an ongoing multicenter, longitudinal study designed to investigate the genetic and epidemiologic characteristics of COPD (12) . COPDGene enrolled 10,192 non-Hispanic white and African-American ever-smokers. Subjects were between the ages of 45 and 80 years and had a minimum 10-pack-year smoking history. Study data included the collection of detailed questionnaires, spirometric measures of lung function before and after the administration of short-acting bronchodilating medications, volumetric CT of the chest, and blood samples for genome-wide SNP genotyping. Genotyping was performed by Illumina on the HumanOmniExpress array. Subjects were excluded for missingness, heterozygosity, chromosomal aberrations, sex check, population outliers, and cryptic relatedness as previously described (13) . A 5-year follow-up visit was performed, during which baseline data collection was repeated. The institutional review boards of all participating centers approved the COPDGene Study, and all participants provided written informed consent.
Chest CT analysis in the COPDGene Study has been described previously (12) . Briefly, the Hounsfield unit (HU) value representing the 15th percentile of the lung region HU histogram (Perc15) was used for densitometric assessment of the lung parenchyma (14) . Airway wall thickening was assessed as the square root of the wall area of a theoretical airway with an internal lumen perimeter of 10 mm (Pi10) (15) . Finally, the percentage of lung tissue thought to represent functional smallairway disease (fSAD) was calculated, using parametric response mapping (PRM) as described previously (16) .
PRM matches inspiratory and expiratory CT scans on a voxel-by-voxel basis to examine the change in density between images. By applying separate density thresholds to the inspiratory and expiratory voxel measurements, PRM discriminates between emphysema, nonemphysematous air trapping (fSAD), normal tissue, and "other" (image voxels not meeting the criteria for the other three categories). fSAD measures were transformed using the isometric log ratio transformation before utilization (17) .
At a Glance Commentary
Scientific Knowledge on the Subject: There are variable patterns of lung function decline, with low peak lung function attained in youth and periods of rapid lung function decline being major determinants of chronic obstructive pulmonary disease susceptibility.
What This Study Adds to the
Field: This study uses a datadriven approach that identifies four prototypical lung function trajectories in a longitudinal cohort of smokers. Analyzed on a separate, cross-sectional cohort, these trajectories have distinct phenotypic presentations. They are also differentially associated with selfreported parental history of chronic respiratory disease and genome-wide data-based estimates of heritability.
FEV 1 Trajectory Modeling
We assessed the existence of separate lung function trajectories in the Normative Aging Study by applying a Bayesian nonparametric trajectory mixture modeling approach (9) to those data. To faithfully apply models learned in NAS to COPDGene Study data, we restricted our analysis to those NAS subjects for whom at least one time point met COPDGene inclusion criteria for both age and smoking history (detailed in Reference 12 and summarized above). That is, for each NAS subject, at least one of their longitudinal time points had to correspond to an age between 45 and 80 years old with a corresponding smoking history of at least 10 pack-years. We also restricted our analysis in the COPDGene Study cohort to non-Hispanic white males with no more than 150 pack-years of smoke exposure (the approximate upper limit of exposure observed in NAS).
Our Bayesian-based identification of FEV 1 trajectories included as predictors age, height, smoking status, pack-years of tobacco exposure, and their higher-order terms (age 2 , age 3 , etc.). The use of higherorder terms (as opposed to just linear terms) enabled a nonlinear representation of FEV 1 decline: a trend that declines over time, but must stay above a lower limit to be compatible with life. The algorithm proceeds by iteratively refining the number and shape of trajectories as well as the assignment of subjects to trajectories. When no further improvement in data fit is detected, the algorithm terminates and returns probabilistic models of each trajectory. Using the Watanabe-Akaike information criterion (18), we selected a set of FEV 1 predictors that gave both an accurate and parsimonious description of the data. This process led to the identification of four spirometric trajectories. Next, we used these trajectory models to assign each COPDGene subject to the most probable trajectory, using baseline data as well as follow-up data for those subjects who had both. For example, supposing a COPDGene subject had a 0.8 probability of belonging to trajectory 1, a 0.1 probability of belonging to trajectory 2, and a 0.05 probability of belonging to trajectories 3 and 4, we would assign the subject to trajectory 1 (see the online supplement for details). Note that the use of follow-up (in addition to baseline) data for the COPDGene subjects affects the probability of trajectory membership. To assess the effect of using both baseline and follow-up data as opposed to baseline data alone, we considered the 1,802 COPDGene subjects for whom we have both and computed trajectory assignments using 1) baseline data only and 2) both baseline and follow-up data. In addition, for all COPDGene subjects assigned to each of the trajectories, we computed the average probability of assignment within each trajectory group.
Statistical Analysis
We stratified COPDGene Study baseline data by age (45-55, 55-65, 65-75, and 75-85 yr old) and compared quantitative CT characteristics, lung function, and 6-minute-walk distance between trajectories within age strata. Statistical comparisons were performed by Welch's unequal variances t test (19) ORIGINAL ARTICLE exacerbations over the previous year were related to trajectory membership using ordinal logistic regression (R version 3.1 [22] ). We used Pearson's x 2 test (23) (scipy.stats version 0.17.0 [20] ) to assess associations to presence of maternal and paternal asthma, emphysema, chronic bronchitis, and COPD. Trajectory heritability was estimated in COPDGene using methods developed from genomewide genotyping data from unrelated population-based samples (24) . In this method, narrow sense heritability quantifies the proportion of phenotypic variance that can be explained by genetic variance under an additive genetic model. The genetic similarity matrix was estimated from 664,892 genotyped, autosomal SNPs with a minor allele frequency greater than 0.01 in all of the non-Hispanic white subjects and a Hardy-Weinberg equilibrium P value less than 10 28 with available data from the COPDGene Study (n = 6,678) as previously described (25) . Using a subset of the genetic similarity matrix corresponding to the subjects analyzed for this analysis, heritability was calculated for each of the six possible contrasts between the four trajectories, using the restricted maximum likelihood method implemented in the GCTA software package (version 1.13) (24) .
Results
A total of 1,060 NAS participants met COPDGene inclusion criteria on at least one study visit. The median follow-up time for these subjects was 29 years. The COPDGene subcohort consisted of 3,546 non-Hispanic white males after excluding those who had more than 150 pack-years of tobacco smoke exposure. Of those, 1,802 have returned for their 5-year follow-up visit as of September 24, 2016 . NAS subjects were on average 20 years younger at baseline and 6.5 years older on their final visit than COPDGene subjects at baseline. NAS subjects also had significantly less tobacco smoke exposure (as reported on their final study visit) than smokers in COPDGene (Table 1) .
Nonparametric Bayesian mixture modeling identified four lung function trajectories in the Normative Aging Study (Figure 1 and the online supplement) . Trajectory 1 appeared to represent those with the lowest peak lung health and the most rapid decline in lung function, whereas trajectories 2, 3, and 4 represented subjects with incrementally greater peak lung health T1  T2  T3  T4  T1  T2  T3  T4   n  98  272  361  96  243  411  545  82 but relatively similar rates of decline in lung function. Factors found to give the best fit to these data were as follows: age, age As stated earlier, in the section FEV 1 TRAJECTORY MODELING, we assessed the effect of using both baseline and follow-up data as opposed to baseline data alone when assigning COPDGene subjects to trajectories. For the 1,802 COPDGene subjects for whom we had both baseline and follow-up data, we observed that trajectory assignment changed for 243 (13%) subjects. The breakdown of trajectory reassignment is given in Table  E2 . In addition, Table E3 gives the average probability of assignment within each trajectory group (assuming the use of followup data). Table E3 indicates that, on average, trajectory assignments are made with high probability. The following results assume COPDGene trajectory assignments made with baseline and available follow-up data. Table 2 shows characteristics of COPDGene subjects by trajectory assignment and age strata. Trajectory 1 subjects were found to have the greatest radiologic burden of disease, with the most emphysema, thicker airway walls, and more functional small-airway disease across all age strata. All results were significant at the P , 0.01 significance level. Trajectory 2 subjects had thicker airway walls than those assigned to trajectories 3 and 4 at all age strata (Figure 2 ) as well as more emphysema and fSAD with increasing age (Figure 3 ). Subjects in trajectories 3 and 4 did not develop appreciable emphysema on CT despite averaging more than 45 packyears of tobacco exposure. In the highest age strata, subjects in trajectory 3 had thicker airway walls than their counterparts in trajectory 4. Overall, membership in lower lung function trajectories was associated with worse exercise capacity, higher BODE scores, greater dyspnea, and more frequent exacerbations over the previous year (see Tables E4, E7 , E10, and E13).
Parental characteristics for each trajectory and statistical comparisons between trajectories are provided in Table 3 . Subjects in trajectories 1 and 2 had greater self-reported parental histories of emphysema, COPD, chronic bronchitis, and asthma than did subjects in trajectories 3 and 4.
Using genome-wide genotyping data in COPDGene, we estimated how much of the variability in trajectory assignment could be explained by genetic differences, and we found that the estimated heritability of trajectory assignment was high for some trajectories. Of the six possible pairwise comparisons of the four trajectories, four comparisons had statistically significant evidence of a genetic contribution.
The genetic contribution to trajectory 1 was particularly high, as the estimated heritabilities for this trajectory, compared with trajectories 3 and 4, were 51% (P = 0.003) and 83% (P = 0.02), respectively.
Discussion
Using an approach called Bayesian nonparametric mixture modeling, we leveraged separate but complementary cohorts to better understand patterns of lung function decline. Models of lung function decline learned from longitudinal data in the Normative Aging Study were applied to baseline data (and 5-yr follow-up data for some subjects) in the COPDGene Study. This approach provided novel insights into the natural history of COPD and COPD phenotypic heterogeneity.
In particular, we identified four prototypical lung function trajectories in the Normative Aging Study, demonstrating that the concept of multiple trajectories (5, 6) is well supported by data-driven analysis of empirical data. The analysis of trajectories in the COPDGene Study provides novel insight into the temporal relationship between distinct phenotypic aspects of COPD within trajectories. We observed significantly more airway wall thickening (Pi10) in the trajectory 2 subgroup compared with the trajectory 3 and 4 subgroups across all age strata. However, we see evidence of increased emphysema Figure 2. Airway wall thickening (left) and emphysema (right) trends in COPDGene (Genetic Epidemiology of COPD Study) by trajectory assignment, stratified by age. Airway wall thickening is assessed as the square root of the wall area ( ffiffiffiffiffiffiffi ffi WA p ) of a theoretical airway with an internal lumen perimeter of 10 mm (14) . Emphysema is assessed as the Hounsfield unit (HU) value representing the 15th percentile of the lung region HU histogram (Perc15) (13) . Greater amounts of emphysema are seen in the trajectory 2 subgroup relative to trajectories 3 and 4 only within older age strata, and thicker airway walls are observed in trajectory 2 individuals throughout (P , 0.001 for all airway thickness comparisons).
Age range: 55-65 years Figure 3 . Age-stratified average relative composition of emphysema (Emph), functional small-airway disease (fSAD), normal tissue, and "other" (dark yellow portions) for each trajectory, as assessed by parametric response mapping analysis (12) . Rows correspond to age strata, and columns correspond to trajectories; color-coded arrows clarify the direction of increasing age for each trajectory. (Perc15) only in the trajectory 2 subgroup compared with the trajectory 3 and 4 subgroups in older age strata: 65-75  and 75-85 years (see Tables E4, E7 , E10, E13, and Figure 2 ). This suggests that subjects in the airway/emphysema trajectory (trajectory 2) develop airway wall thickening in advance of emphysema (under the assumption that COPDGene subjects of different ages who have been assigned to the same trajectory represent different stages of progression along that trajectory). In contrast, subjects in the airway-predominant trajectory (trajectory 3) have isolated airway wall thickening and do not develop emphysema to the same degree throughout the entire observation period. The observation that, for some subjects, airway disease precedes emphysema is in accordance with the pathologic studies of Hogg and colleagues demonstrating that small-airway wall inflammation and dropout precede the development of emphysema (26) . Although one might hypothesize that the same pattern also applies to the rapid, early decline trajectory (trajectory 1), the majority of this group already had established, severe obstruction before enrollment in COPDGene, and thus their CT imaging data do not capture the proper time interval to observe this phenomenon. The trajectories identified in our study were also differentially associated with self-reported parental history of chronic respiratory disease and genome-wide data-based estimates of heritability, providing further evidence for the genetic underpinnings of COPD heterogeneity. Heritability estimates for COPD have typically been in the range of 30%, indicating that this proportion of the overall variability in developing COPD is due to genetic factors (25) . The heritability estimates obtained for pairwise comparisons of trajectories in this study exceeded 50% for the comparisons between trajectory 1 and trajectories 3 and 4, suggesting that most of the phenotypic differences between the rapid early decline trajectory and the trajectories with more preserved lung function are due to underlying genetic differences between the individuals in these trajectories. Although these results should be confirmed in other cohorts, they are consistent with the intuition that genetic differences between groups of subjects will be more observable once confounding factors of age and lifetime smoke exposure are removed. Trajectory-based analyses of COPD, such as the method presented herein, mitigate these confounding effects by placing individuals within the context of longitudinal decline rather than analyzing a single cross-section of subjects at various stages in their disease course.
This study has several important limitations. The NAS is limited to males (mostly veterans), so our current findings are limited to males and not necessarily generalizable to the whole population. Future studies of cohorts with adequate follow-up in female subjects are needed. COPDGene is a convenience sample of smokers enriched for COPD, and subjects were all 45 years or older at baseline. The longitudinal follow-up in COPDGene is approximately 5 years, so these data alone are not sufficient to describe lifelong lung function trajectories. To address this problem, we learned longitudinal trajectories from NAS, and then COPDGene subjects were assigned to these trajectories using their baseline and follow-up data. Although the model has good performance characteristics, it would be preferable to have more extensive follow-up data in COPDGene to be able to directly observe the lung function in these subjects before age 45. In addition, direct observation of CT image data in subjects before the age of 45 would provide further insight into this critically important period of lung function decline. NAS and COPDGene differ in their enrollment criteria, so the studies in their entirety are not directly comparable. To account for these differences, we limited the NAS analysis to subjects who would have met the COPDGene enrollment criteria for at least one of their observation time points, and we limited the COPDGene analysis to males only. Finally, our Bayesian model does not incorporate mortality data, and it is possible that our results suffer from survival bias. The "flattening out" of the trajectory 1 curve seen in Figure 1 is particularly suggestive of this phenomenon, as it is more likely for those with low peak lung function early in life to be at greater risk for all-cause mortality relative to those with higher peak lung function (7) . In the future, we plan to augment our Bayesian algorithm to jointly consider time-toevent (mortality) data as well as longitudinal data for a more robust definition of trajectories.
In summary, the Bayesian modeling approach allows for the combined analysis of two cohorts with complementary data, one which was well suited for learning lung function trajectory data from early adulthood to late life and a second cohort that contained extensive radiologic and genetic information obtained over a 5-year period of observation. These trajectories were associated with different amounts of risk of developing COPD and distinct COPDrelated phenotypic manifestations. Analysis of these patterns confirms that decreased levels of maximally attained FEV 1 and periods of rapid lung function decline both contribute to COPD risk, and heritability analyses indicate that lung function trajectories are in part genetically determined. n
